| GAP JUNCTIONAL SHUTTLING OF miRNA
First data showing the capability of small oligonucleotides to pass GJs were obtained by Valiunas et al. They introduced synthetic, short interfering RNAs into different cell systems and observed a rapid cell to cell transfer (within minutes) in a connexin-dependent manner. 22 During the last 10 years, several in vitro data have been published confirming that miRNA transfer does occur under physiological conditions as part of the intercellular signaling network. 9, 12, 19, 23 Current data suggest miRNA transfer as a defense mechanism that represses metastases expansion and eliminates tumor cells. 16 For example, astrocytes deliver miRNAs (eg, miR-16, miR-709) to cancer cells via a GJ-dependent mechanism to suppress tumor cell growth. 11 Similarly, the exchange of miR-145 and miR-5096 was found between endothelial cells and glioblastoma cells. 24, 25 Upon co-culture with macrophages, the proliferative activity of hepato-carcinoma cells was decreased, mediated by the delivery of miR-142 and miR-223 via GJs. 26 In addition, gap junctional shuttling of miRNA can influence cell fate decisions in vivo as demonstrated for human cardiac stem cells transplanted into mice hearts. 27 The gap junctional import of miR-499 from cardiomyocytes into surrounded cardiac stem cells favors the cardiomyogenic differentiation of the latter by repression of Sox6 and
Rod1
. 27, 28 The use of GJs as a passage way for intercellular miRNA signaling was further shown for other cell types of different species and origin, including neonatal cardiomyocytes, stem cells, and breast cancer cells. 19, [29] [30] [31] In silico analysis confirmed the efficiency of GJdependent miRNA transport. Using a computational model, Cervera et al recently confirmed that efficient gap junctional shuttling could induce spatiotemporal changes of genetic states in multicellular systems. 32 Interestingly, their model also encompasses the bioelectrical state of cellular domains, thereby suggesting that gap junctional shuttling of miRNA can affect the cell electric potential.
It remains elusive whether data obtained from these in vitro studies reflects in vivo conditions. In plants, intercellular miRNA signaling in vivo is mediated by plasmodesmata, small channels in the cell wall that resemble GJs in animals. 33 This cell to cell transfer of genetic information has been described to coordinate growth and regulate systemic responses to environmental stimuli. 15, [34] [35] [36] Moreover, the transport of genetic information via TNTs is not limited to miRNA but also includes mRNA molecules, as recently shown in mouse fibroblasts. 52 In contrast to GJs and TNTs, the encapsulation of miRNA into exosomes allows intercellular transport across long distances without direct cell-cell contacts. A plenty of studies have proven the exosome mediated functional shuttling of miRNA in multiple cell types. [53] [54] [55] For example, the uptake of miR-222-3p enriched exosomes by macrophages, released from ovarian cancer cells, led to stimulation of the STAT3 pathway which in turn promotes macrophage activation. 56 Likewise, exosomal miRNA cargos were found to be delivered from ependymal cells into the brain by crossing the blood brain barrier, triggering downregulation of miRNA specific target genes. 57 Interestingly, it was discovered that a subset of certain miRNAs is enriched in exosomes suggesting a sorting machinery that governs miRNA loading into exosomes in a specific manner. 58, 59 Certain sequence motifs (GGAG motif ) and guide proteins such as heterogeneous nuclear ribonucleoprotein have been identified to promote miRNA packaging into exosomes.
60,61

| POSSIBLE REGULATORY MECHANISMS OF INTERCELLULAR miRNA SHUTTLING VIA GJs
Because GJ-dependent shuttling of miRNA was shown in several cell types, causing different gene regulatory effects, it is unlikely that this process is a random event. This is supported by the fact that the protein machinery required for miRNA function, and Cx proteins are highly conserved throughout different species. 62, 63 Moreover, computational analysis by Levine et al showed that intercellular mobility of small RNAs is critical in sharpening gene expression patterns during embryonic development. 13 The authors created a mathematical model that considered both a strong interaction of miRNA with its target mRNA and cell to cell transport of miRNA depending on different diffusion rates. Subsequent computer simulations revealed that increased diffusion constants of miRNAs, that is, more rapid intercellular translocation, provokes a sharper interface between high and low expression domains of mRNA targets, indicating the importance of mobile miRNAs in tissue differentiation.
When intercellular miRNA signaling is physiologically relevant for cell and tissue function, it must be tightly regulated to control miRNAinduced gene silencing in the acceptor cells. The regulation of gap junctional miRNA transport might occur in two different ways:
(1) modification of GJ permeability and (2) control of local miRNA concentration in the area of GJ channels, including intracellular distribution of miRNA molecules.
As the permeation process itself is driven by diffusion, 64 changes between opened and closed state of the GJ channel would efficiently block cell to cell shuttling of miRNA. The modulation of GJs has been extensively studied during the last decades and many previous reviews have discussed this topic in detail. [65] [66] [67] [68] In particular, ions, second messengers, and kinases are known to alter GJ permeability, thus, have the ability to regulate miRNA transfer. However, modification of GJ permeability is an unspecific and non-gradual process that would not allow selective miRNA transport as observed in some co-culture studies. 10, 26 In addition, changing GJ permeability would interfere with the intercellular flux of other molecules, including metabolites, ATP or Ca2+ 64 and thus could globally affect cell and tissue homeostasis and function.
The number of miRNA molecules per cell varies in the range of 10 2 to 10 5 as detected in different cell lines of human and murine origin. [69] [70] [71] [72] [73] [74] In particular for low abundant miRNAs, modulation of GJ permeability (switching between open/closed state) alone might be insufficient to ensure the delivery of an adequate amount of miRNA to the recipient cell. To inhibit expression of a target gene, the average amount of miRNA molecules must be approximately 1000 copies per cell. 75 A directed intracellular distribution, as already demonstrated for mRNA, would allow a significant increase in transfer efficiency. In this model, the concentration of certain miRNAs is locally increased near gap junctional cell-cell contacts, leading to a higher permeation probability. In contrast to simple opening and closure of GJ channels, it would enable a selective cell to cell transport of certain miRNA molecules. 18, 26 In the following paragraph, we will suggest potential mechanisms governing the intra-and intercellular mobility of miRNA ( Figure 1 ).
| INTRACELLULAR TRANSLOCATION OF miRNA TOWARD GJs
Although intracellular trafficking of miRNA is of great importance for understanding its epigenetic gene silencing activity, the intracellular mobility and diffusion of miRNA remains a largely unexplored domain.
However, it is undisputed that the gene regulatory function of miRNA is closely related to its sub-cellular localization. plasm, whereas only 1% of AGO proteins are localized in large cytoplasmic domains. 69, 88 As a third option, miRNA trafficking could occur independent of mRNA or AGO proteins ( Figure 1C ). It was previously described that only a fraction of miRNA is associated with AGO proteins, while the majority exists in an AGO-free form, either as free miRNA or attached to non-AGO proteins. 69, 89 Active transport processes are commonly mediated by cytoskeletal structures and their respective motor proteins. 90 For mRNA it was already shown that actin filaments and microtubules have a key function in localization and appropriate spatial distribution. 91 A specific cis-element within the sequence of transported mRNA serves as a docking site for RNA binding proteins that in turn mediate the interaction with motor proteins. 92, 93 It remains to be investigated whether miRNA molecules contain similar sequence elements to associate with the transport machinery. In addition, proteins of the AGO family have been identified to microscopically and biochemically co-localize with actin filaments, 94 suggesting AGO proteins as a linker of miRNA and the cytoskeleton. Similarly, the mRNA binding protein human antigen R (HuR) was demonstrated to associate with both miRNA and microtubules. 95, 96 In DRG neurons, the fragile X mental retardation protein acts as a scaffold protein that connects miRNA, target RNA and cytoskeleton, enabling long distance delivery of miRNA molecules. 1, 97 At the same time cytoskeletal filaments, in particular microtubules, have been found to directly bind to Cx43 localized in GJs, 98, 99 and thus could provide a route for active transport of miRNA to cell-cell contacts.
| PASSING THE GJ CHANNEL
Following translocation to GJs, miRNAs have to pass the channel to reach the recipient cell. The average diameter of a single stranded miRNA molecule is approximately 1 nm, which is close to the pore diameter of a GJ channel (1.4 nm). 22, 100 Hence, the shuttling of single stranded mature miRNA is more favorable compared to double stranded molecules. However, the key determinants of selective channel permeability are neither exclusively size and/or charge of the ). (C) Fully processed mature miRNA could be transferred to the cell border, dependent on non-AGO proteins (mRNPs). (II) Translocation of miRNA to gap junctional cell-cell contacts could be driven by passive diffusion of miRNA molecules, bound to AGO proteins or other mRNPs. However, higher shuttling efficiency would be achieved by the involvement of active transport mechanisms. The cytoskeleton might provide transport routes for miRNA cargo. Association with yet unknown mRNPs or proteins of the AGO family could mediate the interaction with actin filaments/microtubules and respective motor proteins. Due to the small GJ channel size, permeation of miRNA requires release from bound mRNPs. Reversely, transferred miRNA needs to re-integrate into the AGO/RISC complex to induce gene silencing effects in the recipient cell. mRNP-miRNA binding protein permeant nor pore diameter as demonstrated for second messengers and fluorescent tracers. 64 Therefore, one could not exclude the possibility that small double stranded miRNA intermediates, generated during miRNA synthesis pathway, are also transferred via GJs. 101 Comparison of synthetized double and single stranded 12-mer oligos revealed that both are capable to pass GJs, while double stranded molecules demonstrated a profoundly lower permeability. 22 In the same study, the authors reported oligonucleotide transfer as a connexin-specific process. Compared to GJs formed by Cx43, Cx32/ Cx26 channels are not permeable to oligos of 12 nucleotide length,
showing that channel architecture significantly contributes to selective permeability of miRNA, as described for other cytoplasmic molecules. 64, 65 Additionally, miRNA needs to be present in a protein-free form before entering the channel pore. Taken into account that miRNA is commonly bound to several distinct proteins, 101,102 release of the miRNA molecules must occur prior shuttling through GJs.
Reversely, the miRNA molecule needs to be re-integrated into the gene-silencing machinery of the recipient cell for proper functioning.
Beside GJ formation, connexin proteins are also known to form hemichannels in the plasma membrane, connecting intra-and extracellular milieu. 103, 104 Because their permeability characteristics are similar to that of GJs, 103 they might represent a pathway for the secretory release as well as the uptake of naked miRNA from the extracellular space, although the stability of protein free miRNA in the extracellular milieu is still debated. Based on existing wet lab data and in silico analyses, we discussed potential mechanisms that might govern the intracellular translocation of miRNA, and their GJ-dependent cell-cell exchange. As the reader appreciates, the presented models of miRNA mobility are largely speculative because clear evidence is still lacking. Therefore, future studies are mandatory to clarify the involvement of an active transport machinery and to identify novel miRNA binding partners, mediating these transport processes. In this regard, it will be interesting to investigate the existence of specific sequence motifs that might mediate the attachment of miRNA to the cytoskeleton, similar to the GGAG motif responsible for selective miRNA loading into exosomes. 61 RNA hybridization combined with mass spectrometry has proven to be a powerful approach to systematically uncover the composition of non-coding RNA-protein complexes in vivo. 106, 107 The specific detection of miRNA-interacting proteins will help to advance our knowledge about the spatial aspects of miRNA-mediated gene silencing. 
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